INTRODUCTION
Aspergillus is a speciose genus with almost 400 species classified into six subgenera and approximately 25 sections (Samson et al. 2014 , Hubka et al. 2016a , Chen et al. 2016a , b, 2017 , Kocsubé et al. 2016 , Sklenář et al. 2017 , Tanney et al. 2017 . The species are widely distributed in nature and have a significant economic impact in human and animal health (causative agents of aspergillosis; allergies and respiratory problems associated with presence of fungi in the indoor environment), the food industry (source of enzymes and organic acids for fermentation, food and feed spoilage, production of hazardous mycotoxins), biotechnology and pharmacology (production of bioactive substances, heterologous proteins) (Pitt & Hocking 2009 , Meyer et al. 2011 , Frisvad & Larsen 2015b , Sugui et al. 2015 , Gautier et al. 2016 .
Aspergillus sect. Fumigati includes approximately 60 species occurring predominantly in soil . Many are of considerable medical importance as they cause human and animal infections (Balajee et al. 2005b , 2009 , Katz et al. 2005 , Yaguchi et al. 2007 , Hubka et al. 2012 , Talbot & Barrs 2018 . Aspergillus fumigatus is usually reported as both the most common member of the section in soil worldwide and the most common cause of aspergillosis (Klich 2002 , Domsch et al. 2007 , Mayr & Lass-Flörl 2011 . A series of recent studies highlighted the high prevalence (11-19 %) of so-called cryptic Aspergillus species in clinical samples (Balajee et al. 2009 , Alastruey-Izquierdo et al. 2013 , Negri et al. 2014 , Sabino et al. 2014 . Their identification is clinically relevant since many demonstrate drug resistance to commonly used antifungals, thus their recognition influences therapeutic management. Reliable identification of clinical isolates to the species level and susceptibility testing by reference methods is thus warranted (Lyskova et al. 2018 ). Many of these less common pathogens belong to sect. Fumigati and the highest numbers of infections are attributed to A. lentulus, A. thermomutatus (syn. Neosartorya pseudofischeri ) and species from A. viridinutans species complex (AVSC) (Balajee et al. 2005a , Sugui et al. 2010 , Barrs et al. 2013 , Talbot & Barrs 2018 . Homothallism is a predominant reproductive mode in sect. Fumigati and many species readily produce ascomata (neosartorya-morph) in culture, while others are heterothallic or have an unknown sexual morph . Homothallic species are infrequently pathogenic, although A. thermomutatus is a notable exception. The majority of clinically relevant species belong to the A. fumigatus clade (Balajee et al. 2005b , 2009 , Yaguchi et al. 2007 , Alcazar-Fuoli et al. 2008 or the AVSC (Sugui et al. 2010 , Barrs et al. 2013 , Nováková et al. 2014 and are heterothallic. A cryptic sexual cycle of several of these opportunistic pathogens, including A. fumigatus (O'Gorman et al. 2009 ), A. lentulus (Swilaiman et al. 2013) and A. felis (Barrs et al. 2013) , was discovered recently by crossing opposite mating type isolates in vitro.
Unravelling species boundaries in the
Molecular methods are routinely used for identification of species from sect. Fumigati due to overlapping morphological features of their asexual morph. In contrast, the morphology of the sexual morph, especially of ascospores, is amongst the most informative of phenotypic characteristics in sect. Fumigati. The taxonomy of AVSC has developed rapidly since eight of the currently 11 recognized species were described in the last four years (Barrs et al. 2013 , Eamvijarn et al. 2013 , Nováková et al. 2014 , Sugui et al. 2014 , Matsuzawa et al. 2015 , Talbot et al. 2017 . The species boundaries delimitation was usually based on comparison of single-gene phylogenies and principles of genealogical concordance. In addition, some studies supported the species concept by results of in vitro mating experiments between opposite mating type strains. With the increasing number of species, available isolates and new mating experiment data, the species boundaries in AVSC became unclear as pointed out by Talbot et al. (2017) who used the designation 'A. felis clade' for A. felis and related species. Importantly, Sugui et al. (2014) and Talbot et al. (2017) identified that interpretation of in vitro mating assays in sect. Fumigati may be problematic because different phylogenetic species in the AVSC were able to produce fertile ascomata when crossed between themselves. Some even mated successfully with A. fumigatus s.str.
Here we present a critical re-evaluation of species boundaries in the AVSC. We examined a large set of clinical and environmental strains collected worldwide. We did not use classical phylogenetic methods or genealogical concordance phylogenetic species recognition rules (GCPSR) for species delimitation due to their unsatisfactory results in previous AVSC studies. Such methods, based predominantly on analysis of concatenated DNA sequence data or comparison of single-gene phylogenies are frequently prone to species over-delimitation or are affected by subjective judgements of species boundaries. Instead, we used recently introduced delimitation techniques based on coalescent theory and the multispecies coalescent model (MSC) (Flot 2015) . We followed the approach recommended by Carstens et al. (2013) that combines species delimitation, species tree estimation and species validation steps. Although these methods have already been applied to other groups of organisms such as animals and plants their use in fungi is scarce (Stewart et al. 2014 , Singh et al. 2015 , Liu et al. 2016 , Sklenář et al. 2017 . Here, the results of MSC methods were taken as a basic hypothesis for species delimitation and then further verified by analysis of intra-and interspecific biological compatibilities, as well as ascospore dimensions and ornamentation.
MATERIAL AND METHODS

Fungal strains
A total of 110 isolates were examined including new isolates and isolates obtained from previously published studies (Katz et A. wyomingensis 
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Original numbers of strains and personal strain designations are given in parentheses.
3 BSH = British shorthair; DLH = domestic longhair; DSH = domestic shorthair; FN = female neutered (desexed); MN = male neutered; ND = not determined.
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When available, sequence number in public database is given in parentheses; in the remaining cases, the MAT idiomorph was confirmed only on the electrophoretogram (specific PCR and length of amplicons).
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Sequences generated in this study are in bold. Table 1 (cont.)
Species / Culture collection nos.
1,2
Locality, substrate, year of isolation Table 2 List of Aspergillus strains and sequences used in phylogenetic analysis; accession numbers in bold were generated for this study.
Species
Culture collection nos. Vinh et al. 2009 , Coelho et al. 2011 , Shigeyasu et al. 2012 , Barrs et al. 2013 , Eamvijarn et al. 2013 , Nováková et al. 2014 , Sugui et al. 2014 , Matsuzawa et al. 2015 , Talbot et al. 2017 Micromorphology was observed on MEA. Lactic acid with cotton blue was used as a mounting medium. Photographs were taken on an Olympus BX-51 microscope (Olympus DP72 camera) using Nomarski contrast. Macromorphology of the colonies was documented using a stereomicroscope Olympus SZ61 (with Olympus Camedia C-5050 Zoom camera) or Canon EOS 500D.
Scanning electron microscopy (SEM) was performed using a JEOL-6380 LV scanning electron microscope (JEOL Ltd. Tokyo, Japan) as described by Hubka et al. (2013b) . Briefly, pieces of colony or mature ascomata were fixed in osmium tetroxide vapours for one wk at 5-10 °C and gold coated using a Bal-Tec SCD 050 sputter coater. The specimens were observed using 40 μm spot size and 15 -25 kV accelerating voltage.
Molecular studies
ArchivePure DNA yeast and Gram2+ kit (5 PRIME Inc., Gaithersburg, MD) was used for DNA isolation from 7-d-old cultures according to the manufacturer's instructions as updated by Hubka et al. (2015b) . The purity and concentration of extracted DNA was evaluated by NanoDrop 1000 Spectrophotometer. ITS rDNA region was amplified using forward primers ITS1 or ITS5 (White et al. 1990 ) and reverse primers ITS4S (Kretzer et al. 1996) or NL4 (O'Donnell 1993); partial β-tubulin gene (benA) using forward primers Bt2a (Glass & Donaldson 1995) or Ben2f (Hubka & Kolařík 2012) and reverse primer Bt2b (Glass & Donaldson 1995) ; partial calmodulin gene (CaM) using forward primers CF1M or CF1L and reverse primer CF4 (Peterson 2008) ; partial actin gene (act) using primers ACT-512F and ACT-783R (Carbone & Kohn 1999) ; partial RNA polymerase II second largest subunit (RPB2) using forward primers fRPB2-5F (Liu et al. 1999) or RPB2-F50-CanAre and reverse primer fRPB2-7cR (Liu et al. 1999) ; partial mcm7 gene encoding minichromosome maintenance factor 7 with primers Mcm7-709for and Mcm7-1348rev (Schmitt et al. 2009 ); and partial tsr1 gene encoding ribosome biogenesis protein with primers Tsr1-1453for and Tsr1-2308rev (Schmitt et al. 2009 ).
Terminal primers were used for sequencing.
The 72 °C/10 min. PCR product purification followed the protocol of Réblová et al. (2016) . Automated sequencing was performed at Macrogen Sequencing Service (Amsterdam, The Netherlands) using both terminal primers. Sequences were deposited into the ENA (European Nucleotide Archive) database under the accession numbers listed in Table 2 .
Phylogenetic analysis
Sequences were inspected and assembled using Bioedit v. 7.2.5 (www.mbio.ncsu.edu/BioEdit /bioedit.html). Alignments of the benA, CaM, act and RPB2 regions were performed using the G-INS-i option implemented in MAFFT v. 7 (Katoh & Standley 2013) . Alignments were trimmed, concatenated and then analysed using Maximum likelihood (ML) and Bayesian inference (BI) analyses. Suitable partitioning scheme and substitution models (Bayesian information criterion) for analyses were selected using the greedy algorithm implemented in PartitionFinder v. 1.1.1 (Lanfear et al. 2017 ) with settings allowing introns, exons and codon positions to be independent partitions. Proposed partitioning schemes and substitution models for each dataset are listed in Table 3 . The alignment characteristics are listed in Table 4 .
The ML tree was constructed with IQ-TREE v. 1.4.4 (Nguyen et al. 2015) with nodal support determined by non-parametric bootstrapping (BS) with 1 000 replicates. Bayesian posterior probabilities (PP) were calculated using MrBayes v. 3.2.6 (Ronquist et al. 2012). The analyses ran for 10 7 generations, two parallel runs with four chains each were used, every 1 000th tree was retained, and the first 25 % of trees were discarded as burn-in. The trees were rooted with Aspergillus clavatus NRRL 1 and A. lentulus NRRL 35552, respectively. All alignments are available from the Dryad Digital Repository (https://doi. org/10.5061/dryad.38889).
Species delimitation and species tree inference
Several species delimitation methods were applied to elucidate the species boundaries within the AVSC. We followed the recommendation of Carstens et al. (2013) and compared the results of several different methods. The analysis was divided into two parts. Four genetic loci were examined in the first analysis which comprised all species from the AVSC while six genetic loci were examined in the second analysis focused on the clade comprising Aspergillus felis, A. pseudofelis, A. parafelis and A. pseudoviridinutans (A. aureolus was used as an outgroup). The alignment characteristics are listed in Table 4 .
Only unique nucleotide sequences, selected with DAMBE v. 6.4.11 (Xia 2017) were used in the analyses. Nucleotide substitution models for particular loci were determined using jModeltest v. 2.1.7 (Posada 2008 ) based on Bayesian information criterion (BIC) and were as follows: 1st analysis -K80+G (benA), K80+I (CaM), K80+G (act), K80+G (RPB2); 2nd analysis -K80+I (benA), K80+G (CaM), K80 (act), K80 (RPB2), HKY+I+G (tsr1), K80 (mcm7).
In the first analysis, only unique sequences of four loci were used, i.e., benA, CaM, act and RPB2. The number of isolates of A. felis and A. pseudoviridinutans was reduced to two, because this clade was examined in detail in the second analysis based on six loci. Three single-locus species delimitation methods, i.e., bGMYC (Reid & Carstens 2012) , GMYC (Fujisawa & Barraclough 2013) and PTP (Zhang et al. 2013) , and one multilocus species delimitation method STACEY (Jones 2017) were used to find putative species boundaries. The bGMYC and GMYC methods require ultrametric trees as an input, while PTP does not. Therefore, single locus ultrametric trees were constructed using a Bayesian approach in BEAST v. 2.4.5 (Bouckaert et al. 2014 ) with both Yule and coalescent tree models. We also looked at possible differences between strict and relaxed clock models, but since these parameters had no effect on the number of delimited species, only the results with strict clock model are presented here. Chain length for each tree was 1 × 10 7 generations with 25 % burn-in. The highest credibility tree was used for the GMYC method and 100 trees randomly sampled throughout the analysis were used for the bGMYC method. Both methods were performed in R v. 3.3.4 (R Core Team 2015) using bgmyc (Reid & Carstens 2012) and splits (SPecies' LImits by Threshold Statistics) (Fujisawa & Barraclough 2013) packages. The nonultrametric trees for the PTP method were constructed using the ML approach in RAxML v. 7.7.1 (Stamatakis et al. 2008) and IQ-TREE v. 1.5.3 (Nguyen et al. 2015 ) with 1 000 bootstrap replicates. The PTP method was performed on the web server http://mptp.h-its.org/ (Kapli et al. 2017 ) with p-value set to 0.001. The multilocus species delimitation was performed in BEAST v. 2.4.5 with add-on STACEY v. 1.2.2 (Jones 2017). The chain length was set to 5 × 10 8 generations, priors were set as follows: the species tree prior was set to the Yule model, growth rate prior was set to lognormal distribution (M = 5, S = 2), clock rate priors for all loci were set to lognormal distribution (M = 0, S = 1), PopPriorScale prior was set to lognormal distribution (M = -7, S = 2) and relativeDeathRate prior was set to beta distribution (α = 1, β = 1 000). The output was processed with SpeciesDelimitationAnalyzer (Jones 2017 ).
The species tree was inferred using *BEAST (Heled & Drummond 2010) implemented in BEAST v. 2.4.5. The isolates were assigned to a putative species according to the results of the above-mentioned species delimitation methods. The MCMC analysis ran for 1 × 10 8 generations, 25 % of trees were discarded as a burn-in. The strict molecular clock was chosen for all loci and population function was set as constant. Convergence was assessed by examining the likelihood plots in Tracer v. 1.6 (http://tree.bio.ed.ac.uk/software/tracer). We also constructed the phylogenetic tree based on concatenated alignment of all four loci in IQ-TREE v. 1.5.3 with 1 000 bootstrap replicates and the optimal partitioning scheme determined by PartitionFinder v. 2.1.1 (Lanfear et al. 2017) .
The validation of the species hypotheses was performed in BP&P v. 3.3 (Bayesian phylogenetics and phylogeography) (Yang & Rannala 2010) . The isolates were assigned to the species based on the results of species delimitation methods and the species tree inferred with *BEAST was used as a guide tree. Three different combinations of the prior distributions of the parameters θ (ancestral population size) and τ 0 (root age) were tested as proposed by Leaché & Fujita (2010) , i.e., large ancestral population sizes and deep divergence: θ ~ G (1, 10) and τ 0 ~ G (1, 10); small ancestral population sizes and shallow divergences among species: θ ~ G (2, 2000) and τ 0 ~ G (2, 2000); large ancestral populations sizes and shallow divergences among species: θ ~ G (1, 10) and τ 0 ~ G (2, 2000) .
The second analysis with six protein-coding loci, i.e., benA, CaM, act, RPB2, mcm7 and tsr1, consisted of the same steps as described above. Instead of PTP, we used the programme mPTP (Kapli et al. 2017 ) with IQ-TREE and RAxML trees as an input. Within the mPTP programme we used the following settings: Maximum likelihood species delimitation inference (option ML) and a different coalescent rate for each delimited species (option multi). R package ggtree (Yu et al. 2017 ) and the programme densitree (Bouckaert 2010) were used for visualization of the phylogenetic trees.
Mating experiments
The MAT idiomorph was determined using the primer pairs alpha1 and alpha2 located in MAT1-1-1 locus (alpha box domain), and HMG1 and HMG2 primers located in MAT1-2-1 locus (high-mobility-group domain) as described by Sugui et al. (2010) . The MAT idiomorphs were differentiated based on the different lengths of PCR products visualized by gel electrophoresis; absence of opposite MAT idiomorph was also verified in all isolates. The identity of PCR products was proved by DNA sequencing in several isolates (accession numbers in Table 1 ); product purification and sequencing were performed at Macrogen Europe (Amsterdam, The Netherlands) using terminal primers. Selected opposite mating type strains were paired within and between major phylogenetic clades on MEA and oatmeal agar (OA; Difco, La Ponte de Claix, France) plates and incubated at 25, 30 and 37 °C in the dark. The plates were sealed with Parafilm and examined weekly from the third wk of cultivation for two months under a stereomicroscope for the production of ascomata. The presence of ascospores was determined using light microscopy. Width and height of ascospores were recorded at least 35 times for each successful mating pair.
Statistical analysis
Statistical differences in the width and height of the ascospores of particular species and interspecific hybrids were tested with one-way ANOVA followed by Tukey's HSD (honest significant difference) post hoc test in R v. 3.3.4 (R Core Team 2015). R package multcomp (Hothorn et al. 2008 ) was used for the calculation and package ggplot2 (Wickham 2009 ) for visualization of the results.
Exometabolite analysis
The extracts were prepared according to Houbraken et al. (2012) . High-performance liquid chromatography with diodearray detection was performed according to Frisvad & Thrane (1987 , 1993 as updated by Nielsen et al. (Nielsen et al. 2011) . Fungi were incubated for 1 wk at 25 °C in darkness on CYA and yeast extract sucrose (YES) agars for exometabolite analysis.
RESULTS
Phylogenetic definition of AVSC
In the phylogenetic analysis, 76 combined benA, CaM, act and RPB2 sequences were assessed for members of sect. Fumigati. The analysis was based on the modified alignment previously used by Hubka et al. (2017) and enriched by taxa from AVSC. In the Bayesian tree shown in Fig. 1 
Species delimitation and validation in AVSC
In the first analysis, four genetic loci were examined across species of AVSC, isolates of A. felis and its close relatives were reduced to two individuals, because a separate analysis based on six loci was performed for this clade. Eleven tentative species were delimited in AVSC using STACEY. The results are summarised in Fig. 2 , the differences in the colour of the tree branches reflect species delimited by the analysis. The analysis supported recognition of three putative species in A. udagawae lineage, delimitation of A. acrensis (described below) from A. aureolus was not supported, other AVSC species were supported by STACEY without differences from their current concept.
The results derived from STACEY were compared to those from three single-locus species delimitation methods. The consensual results from single-locus species delimitation methods are generally in agreement with the results of STACEY for the majority of species but vary greatly for A. udagawae, A. aureolus and A. acrensis lineages (Fig. 2) . Recognition of three putative species in A. udagawae lineage was supported only based on the CaM locus, while based on benA locus, none of these three sublineages gained support. Various delimitation schemes were proposed by different single-locus species delimitation methods in the A. udagawae lineage based on the RPB2 gene (results even varied between the analyses based on different input trees for the PTP and GMYC methods), while five putative species were identically delimited based on the act locus. The methods relatively consistently supported delimitation of the A. acrensis lineage based on the RPB2 locus and similarly, bGMYC and GMYC methods supported this species based on the act locus. In contrast, lineages of A. acrensis and A. aureolus were not split by any method when analyzing benA and CaM loci.
The species validation analysis results are appended to nodes of the tree in Fig. 2 . A reasonable support is defined by posterior probabilities ≥ 0.95 under all three scenarios simulated by different prior distributions of parameters θ (ancestral population size) and τ 0 (root age). Delimitation of all putative species (those delimited by STACEY, A. acrensis and A. aureolus) were supported by the posterior probability 0.98 or higher based on the analysis in BP&P v. 3.1 (Yang & Rannala 2010) under all three scenarios. The only exception was lower support for splitting of A. acrensis and A. aureolus; this scenario was supported by the posterior probabilities 0.84, 0.88, 1.00, respectively.
Species delimitation and validation in A. felis clade and its relatives
In the second analysis, six genetic loci were examined across isolates of A. felis, A. parafelis, A. pseudofelis and A. pseudoviridinutans. Only two tentative species, A. felis and A. pseudoviridinutans, were delimited in this clade using STACEY. The results are shown as branches designated by different colours in Fig. 3 . The analysis did not support separation of A. pseudofelis and A. parafelis from A. felis; A. fumigatus var. sclerotiorum is included in the lineage of A. pseudoviridinutans.
The results of three single-locus species delimitation methods were compared to those from STACEY, and the consensual results showed a general agreement (Fig. 3) . Delimitation of A. pseudofelis from A. felis was not supported by any of the used methods. Only a negligible number of analyses supported delimitation of basal clades in A. felis as tentative species (designated as clade 2 and 3 in Fig. 3 ). But even in these minority scenarios, there were no clear consensual delimitation patterns that would support delimitation of A. parafelis. Interestingly, mPTP analysis based on act, benA, CaM (with RAxML trees as an input only), mcm7 and tsr1 loci together with GMYC analysis based on benA (only input tree based on coalescent tree model) and act (only input tree based on Yule tree model) loci did not support delimitation of A. pseudoviridinutans from a robust clade of A. felis. An incomplete lineage sorting was observed between A. felis and A. pseudoviridinutans (Fig. 3) evidencing that there was probably an ancestral gene flow between these lineages. Two isolates from A. felis lineage (IFM 59564 and CCF 5610) have benA sequences that cluster with A. pseudoviridinutans while sequences of the remaining 5 loci placed them in the A. felis lineage (single-gene trees not shown).
The species validation analysis results are appended to nodes of the tree in Fig. 3 . Delimitation of A. felis and A. pseudoviridinutans gained absolute support in BP&P analysis (Yang & Rannala 2010) under all three scenarios simulated by different prior distributions of parameters θ (ancestral population size) and τ 0 (root age). Delimitation of three putative species within A. felis lineage gained no support (posterior probability 0.51) under the scenario with small ancestral population sizes and shallow divergences among species: θ ~ G (2, 2000) and τ 0 ~ G (2, 2000) .
Species tree
The species tree topology was inferred with *BEAST (Heled & Drummond 2010) and is shown in Fig. 4 . It was used as a guide tree during species validation using BP&P but it also represents the most probable evolutionary relationships between species in the AVSC. The analysis confirmed recombination between three subclades of A. felis (Fig. 4) which include also recently proposed species A. parafelis and A. pseudofelis thus representing the synonyms of A. felis. Similarly, the recombination between three subclades of A. udagawae rejected the hypothesis that they could be considered separate species (Fig. 4) . The remaining species delimited in previous steps (Fig. 4) , including A. pseudoviridinutans and A. acrensis (introduced in this study), were supported by *BEAST analysis. The species tree had identical topology with the trees inferred by ML and BI analyses of the concatenated and partitioned dataset (Fig.  5) , and all species supported by *BEAST had 100 % ML bootstrap support (ML BS) and 1.00 BI posterior probabilities (BI PP). Several deep nodes in the species tree had only limited support similarly to ML and BI analyses. Thus clear positions of A. wyomingensis and A. siamensis within the clade also containing A. udagawae, A. acrensis and A. aureolus remains unresolved, while A. acrensis with A. aureolus form a sister clade to A. udagawae (this topology gained absolute support in all further analyses -see below). Another robust clade contained sister species A. felis and A. pseudoviridinutans. The remaining species, i.e., A. viridinutans, A. frankstonensis and A. arcoverdensis, formed a basal clade in the AVSC and their positions within the clade are fully resolved (Fig. 4) .
A. lentulus (outgroup)
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Clustering of isolates by origin and mating-type idiomorph
In the phylogenetic analysis, 111 combined benA, CaM, act and RPB2 sequences were assessed for members of AVSC. All species delimited by methods based on the coalescent model were fully supported by BI and ML analyses (Fig. 5) .
The A. udagawae lineage included 25 isolates that clustered in three main clades. Mating type gene idiomorph MAT1-1-1 was detected in 10 isolates while 14 strains had MAT1-2-1 idiomorph (MAT idiomorph was not determined in one strain). The majority of North American isolates (10/14) clustered in clade 1 together with one strain from Australia; clade 2 comprised only three strains originating from Asia; isolates from four different continents were present in clade 3. There was no apparent clustering based on clinical or environmental origin of strains, or their MAT idiomorph. All three clinical isolates from Asia had an identical haplotype based on four studied protein-coding loci (Fig. 5) but one strain had MAT1-2-1 idiomorph in contrast to MAT1-1-1 idiomorph detected in the remaining two strains.
The A. acrensis lineage included five strains isolated from soil (Brazil) or cave sediment (Romania), two of which had MAT1-1-1 idiomorph and three had MAT1-2-1 idiomorph. This lineage is very closely related to a homothallic species A. aureolus represented by four strains in our analysis. The only known clinical isolate of A. aureolus (IHEM 22515) was isolated from the cornea of a patient in Peru. We were unable to source further information about this case and thus the clinical relevance of this isolate cannot be confirmed.
The mutual phylogenetic position of homothallic A. siamensis and heterothallic A. wyomingensis remains unresolved. Aspergillus siamensis was represented in our analysis by only two isolates from soil in Thailand, which were included in the original description (Eamvijarn et al. 2013 ). The A. wyomingensis lineage included 15 isolates; 12 of them came from Wyoming (USA) and were closely related to each other and to one isolate from China, while two isolates from Australia and Europe displayed a higher number of unique positions. The ratio of MAT1-1-1 isolates to MAT1-2-1 isolates was 8 : 7, and the majority of MAT1-1-1 isolates from the USA (6/7) clustered in a separate subclade that was only supported in the BI analysis.
The A. felis lineage comprised 35 isolates that cluster ed in three main clades. Mating type gene idiomorph MAT1-1-1 was detected in 12 isolates, while 20 strains had MAT1-2-1 idiomorph (MAT idiomorph was not determined in three strains). There was no clustering based on geographic origin as all three clades included isolates from two to four continents. Clade 3 contained only clinical isolates (n = 4). Clinical strains were predominant in clade 1 (18 : 2) whereas environmental strains dominated in clade 2 (7 : 4). The ratio of MAT1-1-1 isolates to MAT1-2-1 isolates in clade 1 was balanced (10 : 9) but was biased toward MAT1-2-1 idiomorph in clades 2 (1 : 7) and 3 (1 : 3). Eight isolates of A. pseudoviridinutans, a sister species of A. felis, were examined in this study; MAT1-1-1 idiomorph was determined in five of them and MAT1-2-1 idiomorph in three of them. There was no apparent clustering based on clinical or environmental origin of strains, or their MAT idiomorph (Fig. 5) .
A basal clade of AVSC comprises three soil-borne species. Whilst A. viridinutans and A. frankstonensis are known only from one locality in Australia, 13 A. arcoverdensis strains included in the analysis were isolated on three continents, i.e., South America, Asia and Australia. Both, A. viridinutans and A. frankstonensis were represented only by one and two isolates, respectively, included in the original descriptions (McLennan et al. 1954 , Talbot et al. 2017 , and only isolates of one mating type are known for each of these species. Isolates of both mating types were present in A. arcoverdensis (MAT1-1-1 : MAT1-2-1 ratio, 8 : 5). A geographical clustering was apparent in A. arcoverdensis strains; two strains from China and one strain from Australia formed sublineages separate from the Brazilian strains (Fig. 5) .
Mating experiments and morphology of spores
The MAT1-1-1 and MAT1-2-1 idiomorphs were determined for 100 of 104 isolates representing heterothallic species in AVSC (Table 1) . Systematic mating experiments were first performed within major phylogenetic clades of the AVSC. Opposite mating type strains representing genetic and geographic diversity for each heterothallic species were selected for mating experiments and crossed in all possible combinations if not otherwise indicated (Fig. 6) . Successful mating was observed in lineages of A. felis, A. udagawae and A. wyomingensis. At least some individuals representing all three phylogenetic subclades of A. felis (Fig. 3, 5) and A. udagawae (Fig. 2, 5 ) crossed successfully with individuals from the other subclades. The mating capacity of individual isolates was unequal. Whilst some isolates of a particular species were able to mate with a broad spectrum of opposite mating type strains of the same species, others produced fertile ascomata with only a limited set of strains or did not mate at all. The morphology of ascospores among different crosses in these three species was consistent (Fig.  7) . The exception was great variability in the convex surface ornamentation of A. wyomingensis ascospores among and as well as within pairings of different isolates ranging from almost smooth, tuberculate to echinulate (Fig. 7) . Although both the width and height of ascospores of A. felis, A. udagawae and A. wyomingensis overlapped significantly, their dimensions were statistically significantly different (Tukey's HSD test, p value < 0.05) (Fig. 6) . No fertile cleistothecia were produced by crossing opposite mating type isolates of A. pseudoviridinutans, A. acrensis and A. arcoverdensis. Mating experiments were not performed in A. viridinutans and A. frankstonensis due to the absence of opposite mating type strains.
Opposite mating type isolates of each heterothallic species were also selected for interspecific mating assays and crossed in all possible combinations. Morphological characteristics of AVSC ascospores and induced hybrids are summarised in Table 5 . Only three of 12 selected A. udagawae isolates produced fertile ascomata with some isolates of A. felis, A. wyomingensis or A. acrensis (Fig. 8) p value < 0.05) from A. udagawae (Fig. 8) . Approximately 50 % of hybrid ascospores from mating CMF ISB 2190 with IFM 57290 lacked visible equatorial crests and if present, they were frequently interrupted or stellate (Fig. 9 ) in contrast to A. udagawae (visible crests present in > 90 % of ascospores, crests continuous). The ascomata from mating IFM 46972 with IFM 57290 contained only low numbers of ascospores that were globose or subglobose and glabrous (without crests and ornamentation on convex surface). This observation supported the hypothesis that A. acrensis is a separate species despite its close phylogenetic relationships to A. udagawae. The ascospore dimensions of hybrids between A. udagawae and A. wyomingensis were similar to those of A. udagawae and both width and height were significantly different (Tukey's HSD test, p value < 0.05) from A. wyomingensis (Fig. 8 ). These hybrid ascospores had well-defined equatorial crests that were most commonly 0.5-1 µm broad and similar to those of A. udagawae (Fig. 9) . The hybrids of A. udagawae and A. felis had ascospores with similar equatorial crest length and body width to A. udagawae but were significantly different from A. felis, and their height was significantly different from both A. felis and A. udagawae (Fig. 8) . The ascomata of hybrids between A. udagawae with A. wyomingensis and A. felis, respectively, usually contained only low numbers of ascospores. No mating or production of infertile ascomata only was observed between crosses of A. udagawae and the remaining heterothallic AVSC members (Fig. 8) . Interestingly, the majority of interspecific hybrids produced approximately 1-10 % of globose or subglobose asco-spores with abnormally large dimensions, approximately 6.5 -10.5 µm diam (their dimensions were not included for calculations of statistical measures in Fig. 8 and 10, and in Table 5 ). These cells had thick walls similar to normal ascospores, but lacked equatorial crests and had a glabrous or echinulate surface. Their dimensions were intermediate between normal ascospores and asci but their walls were dissimilar to those of thin-walled asci. These cells were not observed among progeny of the intraspecific crosses (intraspecific mating assay) and their presence probably indicates a defect in meiosis and ascospore development.
Two MAT1-1-1 isolates of A. pseudoviridinutans selected for interspecific mating assays, namely the ex-type strain NRRL 62904 and strain IFM 59502, were able to mate with a relatively high number of MAT1-2-1 isolates of A. felis (Fig. 10) . The ascospores of these hybrids were statistically significantly different in their width and height from A. felis. Equatorial crests were absent in approximately 5 -20 % hybrid ascospores and, if present, they were shorter than those of A. felis (Table 5 ). These observations suggest that A. pseudoviridinutans should be treated as a separate species as proposed by species delimitation methods despite the close phylogenetic relationships of both species and incomplete lineage sorting detected between these two species (Fig. 3) . Only one interspecific hybrid was induced in our assay between A. wyomingensis CCF 4169 and A. felis NRRL 62900. The ascospore body width and height of this hybrid was significantly different from both parental species (Fig. 10) . In contrast to A. wyomingensis, equatorial crests were present in the majority of hybrids and they were occasionally interrupted and stellate (Fig. 11) . Infertile ascomata were observed in some crosses between A. felis and following species: A. acrensis, A. wyomingensis and A. viridinutans.
Aspergillus aureolus and A. siamensis are the only two homothallic species in the AVSC and readily produce ascomata on a broad spectrum of media and growth temperatures and are easily distinguishable from the eight heterothallic AVSC members. Most A. aureolus isolates produce distinctive yellow colonies in contrast to the whitish colonies of A. siamensis (Fig. 12) . The ascospores of both species have similar dimensions, convex surface ornamentation and equatorial crest length (Table 5 , Fig. 12 ) and most closely resemble those of A. felis from among heterothallic species.
The macromorphology of colonies, micromorphology of asexual morphs and physiology have only limited discriminatory power in AVSC members, as recognized in previous studies (Nováková et al. 2014 , Matsuzawa et al. 2015 . We compared surface ornamentation of conidia in all currently recognized species using SEM. The ornamentation showed a micro-tuberculate pattern and was broadly identical across all species (Fig. 13) . Fig. 10 Schematic depiction of results of interspecific mating experiments between opposite mating type isolates of heterothallic members of Aspergillus viridinutans species complex except of A. udagawae. Only successful mating experiments are displayed by coloured connecting lines between opposite mating type isolates (different colours correspond to hybrids between different species); grey dashed lines indicate production of infertile ascomata; remaining mating experiments were negative. Boxplot and violin graphs were created in R 3.3.4 (R Core Team 2015) with package ggplot2 (Wickham 2009 ) and show the differences between the width and height of ascospores of particular species and their hybrids. Different letters above the plot indicate significant difference (P < 0.05) in the size of the ascospores based on Tukey's HSD test. Boxplots show median, interquartile range, values within ± 1.5 of interquartile range (whiskers) and outliers. Mycelium composed of hyaline, branched, septate, smoothwalled hyphae. Conidial heads greyish green, loosely columnar, up to 140 μm long, 15 -25 μm diam. Conidiophores uniseriate, arising from aerial hyphae or the basal mycelium, hyaline to pale yellowish brown, frequently nodding, smooth, 150-600 μm long; stipes 3-5.5(-8) μm wide in the middle; vesicles hyaline to greyish green, pyriform, subclavate to clavate, (6 -)9 -16(-20) μm diam; phialides ampulliform, hyaline to greyish green, 4.5 -6(-7.5) × 1.5 -2.5(-3) μm, covering approximately the apical half of the vesicle. Conidia hyaline to greyish green, globose, subglobose to broadly ellipsoidal, smooth-walled to delicately roughened, microtuberculate in SEM, 2.5-3 × 2-2.5 μm (mean ± standard deviation, 2.8 ± 0.2 × 2.4 ± 0.2; length/width ratio 1.1-1.3, 1.2 ± 0.1). Heterothallic, sexual morph unknown. Exometabolites -Isolate IFM 57291 produced an aszonapyrone, a fumigatin, tryptoquivalines, tryptoquivalones; isolate IFM 57290 an aszonapyrone, fumagillin, fumigatins, helvolic acid, pseurotin A, tryptoquivalines, and a trytoquivalone; isolate CCF 4959 pseurotin A, viriditoxin and several potential naphtho-gamma-pyrones; CCF 4960 antafumicins, fumagillin, a fumigatin, helvolic acid, pseurotin A, and a tryptoquivalone; and CCF 4961 an aszonapyrone, fumagillin, fumigatins, pseurotin A, tryptoquivalines and tryptoquivalones. In general, similar metabolites are also produced by the two most closely related species, i.e., A. aureolus and A. udagawae. Aspergillus aureolus produces fumagillin, helvolic acid, pseurotin A, tryptoquivalines, tryptoquivalones and viriditoxin as well as several unique yellow secondary metabolites. Aspergillus udagawae produces fumagillin, fumigatins, tryptoquivalines and tryptoquivalones (Frisvad & Larsen 2015a Some of these species can be differentiated each from the other by their characteristic sexual morph, but the production of ascomata was not induced in A. acrensis despite our attempts, similarly to A. arcoverdensis and A. pseudoviridinutans. Although isolate IFM 57290 was successfully crossed with isolates of A. udagawae IFM 46972 and CMF ISB 2190 in vitro, both the width and height of ascospores were statistically different from A. udagawae. Also, abnormalities in the shape and superficial ornamentation (Fig. 9) were present in a significant number of spores (equatorial crests were absent in ~ 50 % of ascospores). Reliable identification of A. acrensis can currently only be achieved by molecular methods. Horie et al., Mycoscience 36: 199. 1995.
Aspergillus udagawae
Epitypification. Brazil, São Paulo State, Botucatú, Lagoa Seka Avea, soil in a plantation, 23 Aug. 1993, M. Takada (holotype CBM-FA-0711, designated by Horie et al. (1995) , epitype designated here PRM 945579, isoepitypes PRM 945580 and 945581, MycoBank MBT378451, culture ex-epitype IFM 46972 = CBS 114217 = DTO 157-D7 = CBM-FA 0702 = KACC 41155 = CCF 4558).
Notes - Horie et al. (1995) designated the specimen CBM-FA-0711 as a holotype of A. udagawae, a dried culture with ascomata created by crossing the isolates CBM-FA-0702 (MAT1-1-1) × CBM-FA-0703 (MAT1-2-1). Although this specimen demonstrates the sexual and asexual morph of the life cycle, it is not suitable for the purposes of the recent taxonomy for several reasons. First of all, it is not clear which of the two cultures contained within the type should be considered the ex-holotype culture. Additionally, interspecific hybrids can be induced by crossing opposite mating type strains of unrelated species in vitro as shown in this study and some previous studies (see Discussion) , and deposition of a resultant 'hybrid' type could lead to ambiguities. Although this second argument does not apply to A. udagawae as both isolates included in the holotype are closely related phylogenetically, we believe that a more clearly defined type of this species will facilitate future taxonomic work. Because it is not possible to recognize which part of the holotype belongs to particular isolate, lectotype designation (in this case part of holotype specimen) is difficult. For this reason we decided to select an epitype PRM 945579 derived from the IFM 46972 (= CBM-FA 0702) culture.
DISCUSSION
Changing species concepts in the AVSC
The AVSC members show considerable phenotypic variability but usually share production of nodding heads (some vesicles borne at an angle to the stipe) and relatively poor sporulation with abundant aerial mycelium. All species have a maximum growth temperature of 42 or 45 °C and the macromorphology and diameter of their colonies are similar, except for A. viridinutans and A. frankstonensis, which grow more slowly than remaining species. In addition, the morphology of conidiophores and conidia is relatively uniform across species, including the superficial ornamentation of conidia as shown here (Fig. 13 ). For these reasons heterothallic AVSC members have resisted taxonomic classification and were only identified to a species complex level, until recently.
Due to the absence of taxonomically informative characters, most recently described species in the AVSC were delimited using the GCPSR rules. Using this approach, the species are recognized based on concordance between single-gene phylogenies and the absence of tree incongruities. The GCPSR has found wide application in the taxonomy of fungi (Dettman et al. 2006 , Hubka et al. 2013a , Peterson et al. 2015 . Huge progress has been made recently in the development of statistical methods for multilocus species delimitation, driven by advances in the multispecies coalescent model (Bouckaert et al. 2014 , Flot 2015 , Fontaneto et al. 2015 , Schwarzfeld & Sperling 2015 , Jones 2017 . Although the ideology of MSC delimitation methods is relatively similar to GCPSR, these methods are more robust because the species are delimited in three steps, i.e., species discovery, species tree construction and species validation (Carstens et al. 2013) . The determination of species boundaries is more objective in contrast to GCPSR rules that are based on relatively subjective evaluation and comparison of single-gene trees. In addition, MSC methods are able to deal better with phenomena such as incomplete lineage sorting, recombination or non-reciprocal monophyly that lead to incongruences between single-gene trees. Compared to the phylogenetic analysis of concatenated gene datasets (including partitioned datasets) and in part also GCPSR, the MSC methods are less prone to over-delimitation of species (Degnan & Rosenberg 2006 , Kubatko & Degnan 2007 , Heled & Drummond 2010 , Rosenberg 2013 , especially when the results of multiple delimitation methods are compared in one analysis.
The GCPSR rules together with evaluation of limited pheno typic data were recently used for description of A. felis, A. arcoverdensis and A. frankstonensis in the AVSC (Barrs et al. 2013 , Matsuzawa et al. 2015 , Talbot et al. 2017 . Genealogical analysis using five genetic loci was carried out for delimitation of A. parafelis, A. pseudofelis and A. pseudoviridinutans, three close relatives of A. felis (Sugui et al. 2014) . Although the authors found no conflict between single-gene phylogenies, only two isolates of each of these four species were used in analysis, and sequences of A. felis, A. parafelis and A. pseudofelis strains included were almost invariable. These isolates did not cover sufficiently the genetic diversity of these species as shown here. Species delimitation results based on MSC in this study showed that A. parafelis and A. pseudofelis are included in the genetically diverse lineage of A. felis (Fig. 3) The intraspecific pairwise genetic distances in A. felis (Table 6) range from 0.6 % (RPB2) to 4.2 % (benA). Similarly, pairwise genetic distances in A. udagawae (Table 6 ) are 1.1 % (benA) to 4.9 % (act). Such high intraspecific diversity in these genetic loci is unusual in Aspergillus and it reflects the intense recombination. Thus, when only limited number of strains from such species are selected for phylogenetic analysis, the results of species delimitation techniques may be biased and prone to overestimate the number of species. As we have shown here, this was clearly the case in the study of Sugui et al. (2014) . This problem is probably widespread in current fungal taxonomy and limits possibilities of correct species boundaries delimitation. Also in this study, the number of strains of some closely related and phenotypically similar species is underrepresented, e.g., A. viridinutans and A. frankstonensis. In these cases, the species boundaries cannot be reliably defined using neither GCPSR rules nor MSC-based methods used in this study.
Clinically relevant species and their identification in clinical setting
Although sect. Fumigati harbours many important pathogenic species, members of the AVSC have been overlooked by both clinicians and mycologists until recently. The presence of these soil-borne species in clinical material was first reported by Katz et al. (2005) who examined phylogenetic positions of several 'atypical' (poorly sporulating) clinical isolates of A. fumigatus. The majority of these strains grouped with, but were not identical to, A. viridinutans and A. aureolus from the AVSC. Since then many similar epidemiological and clinical studies have reported the pathogenic role of AVSC members in humans and animals, as reviewed by Talbot & Barrs (2018) . In humans the most common manifestation of disease is chronic invasive pulmonary aspergillosis in immunocompromised patients. AVSC species are also frequently reported as a cause of sino-orbital aspergillosis (SOA) in cats that is chronic, but frequently fatal. In contrast to humans and dogs, the disease usually affects ostensibly immunocompetent cats. This increasingly recognised clinical entity is most frequently caused by the AVSC species and less frequently by other cryptic species in sect. Fumigati (Barrs et al. 2012 (Barrs et al. , 2013 (Barrs et al. , 2014 .
Based on the species boundaries redefined in this study, the AVSC encompasses four species that are confirmed opportunistic pathogens. According to a number of reported cases, in humans A. udagawae is the most important opportunistic pathogenic from the AVSC followed by A. felis and A. pseudoviridinutans. In contrast, SOA in cats is most commonly caused by A. felis and much less frequently by A. udagawae and A. wyomingensis (Barrs et al. 2013 (Barrs et al. , 2014 .
Medically important species from the AVSC demonstrate elevated minimum inhibitory concentrations (MICs) of itraconazole and voriconazole in vitro, and a variable susceptibility to amphotericin B, while posaconazole and echinocandins have potent in vitro activities (Lyskova et al. 2018) . Since the intraspecific variation in MICs of particular antifungals is usually high, the use of reliable methods for MIC determinations takes precedence over correct identification to a species level. The latter may be challenging or even impossible in the clinical setting. However, identification to the level of species complex and differentiation from A. fumigatus is important due to strikingly different antifungal susceptibility patterns.
In contrast to A. fumigatus, the AVSC species do not grow at 47 and 50 °C, usually sporulate less and a proportion of their vesicles are borne at an angle to the stipe. In addition, some isolates produce acidic compounds detectable on CREA (Barrs et al. 2013 , Nováková et al. 2014 , Talbot & Barrs 2018 . Despite the fact that ITS rDNA region sequences are not available for all AVSC members, this universal marker for fungal species identification and barcoding can be used to achieve identification to a species complex level. The sequences from all six protein-coding genes included in this study (Table 2) have sufficient discriminatory power for species level identification of all clinically relevant species. Among these genes, sequences of β-tubulin and calmodulin belong to the most commonly used in the clinical practice when correct identification is required (epidemiological studies, outbreak investigations or when dealing with infections refractory to antifungal therapy). However, the discrimination between A. felis and A. pseudoviridinutans can be limited when using the β-tubulin gene due to the incomplete lineage sorting phenomenon detected in this study (Fig. 3) .
Additionally, the increasingly used method of matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) gives promising results for rapid and accurate discrimination between A. fumigatus and other clinically relevant aspergilli from sect. Fumigati (Alanio et al. 2011 , Nakamura et al. 2017 . The development of more robust, curated and accessible MALDI-TOF spectrum databases should enable the implementation of MALDI-TOF MS for routine identification of less common aspergilli in future. Several PCR assays targeting protein-coding or microsatellite loci have also been developed and show good efficiency in discrimination of less common pathogenic species in sect. Fumigati (Araujo et al. 2012 , FernandezMolina et al. 2014 , Chong et al. 2017 .
Mating behaviour in the AVSC -heterothallic species
The increasing availability of PCR-based tools for identification of fungal genes responsible for sexual and somatic incompatibility has facilitated the ability to induce the sexual morph in fungi (Dyer & O'Gorman 2011) . The characterisation of mating type (MAT) genes became routine when inducing the sexual morph of heterothallic species in vitro. Using this approach, the sexual morph has been induced recently in at least five members of sect. Fumigati (O'Gorman et al. 2009 , Barrs et al. 2013 , Swilaiman et al. 2013 , Nováková et al. 2014 . The discovery of a sexual cycle in pathogenic and mycotoxigenic fungi has many important consequences, because fungi with a functional sexual cycle have greater potential to increase their virulence and to develop resistance to antifungals, fungicides, etc. (Kwon-Chung & Sugui 2009 , Lee et al. 2010 , Swilaiman et al. 2013 ).
Here, we induced the sexual morph with a relatively high rate of success in A. felis, A. udagawae and A. wyomingensis (Fig. 6) . We demonstrated that ascospores of these three species have relatively stable morphology ( Fig. 7) and that the size of their ascospores is significantly different from one another (Fig. 6 ) and can be differentiated by equatorial crest length (Table 5) . However, not all opposite mating type strains of the same species are able to produce ascomata in vitro as demonstrated in all three mentioned species (Fig. 6) . A similar decline in mating capacity was also demonstrated in previous studies on the AVSC (Sugui et al. 2010 , Nováková et al. 2014 , but also in A. lentulus (Swilaiman et al. 2013) and A. fumigatus (O'Gorman et al. 2009 ). These species require relatively rigid conditions to complete their sexual cycle and some crosses produce low numbers of or infertile ascomata or do not mate at all (Balajee et al. 2006 , Yaguchi et al. 2007 , Kwon-Chung & Sugui 2009 , Sugui et al. 2010 , Nováková et al. 2014 . For instance, fertility between two opposite mating-type isolates may be influenced by the vegetative incompatibility genes (Olarte et al. 2015) , regulators of cleistothecium development and hyphal fusion (Szewczyk & Krappmann 2010 ).
We were not able to induce the sexual morph in three heterothallic members of the AVSC, i.e., A. acrensis, A. arcoverdensis and A. pseudoviridinutans, despite the relatively high number of opposite mating-type strains that was available for the mating assays (Fig. 6) . It is not clear if these species require different conditions for successful mating, if there are other unidentified pre-zygotic mating barriers between opposite mating type strains, or if they have lost the ability to complete their sexual cycle. The evidence that two of these species were able to mate with different species from AVSC makes the last possibility improbable (Fig. 8, 10 ). These hybrids can be differentiated from A. udagawae and A. felis, respectively, by their dimensions (Fig.  8, 10 ) and surface ornamentation ( Fig. 9, 11 ; Table 5 ). It demonstrates that both A. acrensis and A. pseudoviridinutans should be treated as separate taxonomic entities from their related species. Similar deviations in size and surface ornamentation of ascospores were demonstrated in other interspecific hybrids (Fig. 8-11 ) when they were compared to parental species.
Mating behaviour in the AVSC -homothallic species
Although homothallic species prevail over heterothallic in sect. Fumigati (Fig. 1) , only two homothallic species are present in the AVSC. It is supposed that heterothallism is ancestral to homothallism in fungi (Nauta & Hoekstra 1992) , including Aspergillus (Rydholm et al. 2007 , Lee et al. 2010 . It is obvious from phylogenetic studies across different subgenera of Aspergillus, that reproductive strategy is evolutionary conservative and homothallic as well as heterothallic (or asexual) species are typically clustered in clades with a uniform reproductive strategy. For instance in subg. Aspergillus, the 31 currently accepted species of sect. Aspergillus are all homothallic (Chen et al. 2016a ) while sister sect. Restricti encompasses 20 asexual and only one distantly related homothallic species, A. halophilicus (Sklenář et al. 2017) . Similarly, subg. Polypaecilum harbours only asexual species (Martinelli et al. 2017 , Tanney et al. 2017 . Asexual species also predominate in subg. Circumdati although most, if not all, probably have a cryptic sexual cycle as highlighted by sexual morph induction in A. flavus, A. nomius, A. parasiticus, A. terreus and A. tubingensis (Horn et al. 2009a , 2013 , Arabatzis & Velegraki 2013 . A strikingly different situation is present in subgenera Nidulantes (Chen et al. 2016a , Hubka et al. 2016a , Fumigati ( Fig. 1) and Cremei (Hubka et al. 2016b ) where heterothallic and homothallic species interchange like a mosaic along the phylogenetic tree.
Common genetic distances between closely related sister species across aspergilli usually range between 2 -4 % in benA and CaM loci and 1-2 % in RPB2 locus; the situation in AVSC is very similar (Table 7) . Interestingly, there are only few examples of closely related homothallic and heterothallic/asexual species in Aspergillus despite their common origin. Genetic similarities between related couples of homothallic and heterothallic/ asexual exceeding 95 % are rare, with only two examples in subg. Circumdati and one in subg. Cremei (Table 8) . Section Fumigati is exceptional because it contains at least five pairs of highly related homothallic and heterothallic species (Table 8 ; Fig. 1 ). Aspergillus acrensis, described here, and A. aureolus represent the most closely related pair across genus Aspergillus (Table 8 ) and thus could be an ideal model for studying the evolution of reproductive modes. If we accept the hypothesis about the derived origin of homothallic species, it is probable that A. aureolus evolved in the lineage of A. acrensis relatively recently, due to the extremely low genetic distances of both species. This is also likely the reason why the multilocus species delimitation method STACEY and also some singlelocus methods failed to segregate A. acrensis from A. aureolus (Fig. 2) in this study.
Interspecific hybridization in fungi and its consequences
Interspecific hybridization is an important process affecting speciation and adaptation of micro-and macroorganisms, however,
Species
Genetic similarities between species: benA / CaM / RPB2 Table 7 Genetic similarities between the ex-type isolates of Aspergillus viridinutans complex members based on identities from BLAST similarity search
reproductive barriers. In addition, the evaluation of biological species limits using mating assays requires determination of the fitness and fertility of progeny, which is demanding in both time and cost.
In general, mating success between different species under laboratory conditions is much lower compared to intraspecific mating, suggesting strong reproductive isolation between species and adherence to the biological species concept. In agreement with this, only a limited number of strains with exceptional ma ting capacity are usually capable of interspecific hybridization with strains of different species, e.g., A. udagawae strain IFM 46972 (Fig. 8) or A. pseudoviridinutans strain IFM 59502 (Fig. 10) .
Several studies demonstrated that interspecific hybrids express genetic abnormalities or have decreased fertility and viability. Genetic analysis of the progeny of a cross between F. asiaticum × F. graminearum detected multiple abnormalities that were absent in intraspecific crosses of F. graminearum, i.e., pronounced segregation distortion, chromosomal inversions, and recombination in several studied linkage groups (Jurgenson et al. 2002 , Gale et al. 2005 . Matings between C. neoformans × C. gattii produced only a low percentage of viable progeny. It has been suggested that C. neoformans and C. gattii produce only stable diploid hybrids, but not true recombinants (KwonChung & Varma 2006) . Although Olarte et al. (2015) obtained hybrid progeny of A. flavus and A. parasiticus, fertile crosses were rare and involved only one parental strain of A. flavus. Viable ascospores were extremely rare, suggesting extensive genetic incompatibility and post-zygotic incompati bility mechanisms. Morphologically, the progeny differed from parental strains in growth rate, sclerotium production, stipe length, conidial head seriation and conidial features (Olarte et al. 2015) . Decreased viability of hybrid ascospores was also detected among Neurospora spp. (Dettman et al. 2003) and in Aspergillus sect. Fumigati, in addition to abnormalities in their surface ornamentation visualised by SEM (Sugui et al. 2014) , which is in agreement with the present study (Fig. 9, 11 ). Apart from ascospore ornamentation, we also found significant differences in hybrid ascospore dimensions from parental species (Fig. 8, 10 ).
The relatively recent globalization of trade in horticultural and agricultural plants, and introduction of non-native plant species has resulted in the inadvertent introduction of alien plant pathogens into non-endemic areas, contributing to the emergence of some devastating plant diseases (Brasier 2001 , Mehrabi et al. 2011 , Dickie et al. 2017 . Anthropogenic activities or changes in the distribution of fungi (e.g., in response to climate changes) may bring together related, previously allopatric pathogenic species. Subsequent interspecific hybridization could give rise to pathogens with new features, including adaptation to new niches and host species, and varying degrees of virulence, as evidenced in Verticillium longisporum, Zymoseptoria pseudotritici, Blumeria graminis f. sp. triticale, and hybrids between Ophiostoma novo-ulmi and O. ulmi (Brasier 2001 , Schardl & Craven 2003 , Depotter et al. 2016 .
As far as we know, the occurrence of Aspergillus interspecific hybrids in nature has not been proven despite successful hybridization of some species in vitro. However, there is no reason to assume that this phenomenon does not occur occasionally. Genetic recombination similar to that found in intraspecific mating occurred in half of the progeny produced by mating A. fumigatus with A. felis, while the other half were probably diploids or aneuploids (Sugui et al. 2014) . Progeny resulting from mating between A. flavus and A. minisclerotigenes was fertile when crossed with parental strains and the frequency of successful matings was similar to that within pairs of A. flavus and A. minisclerotigenes strains, respectively (Damann & DeRobertis 2013) . Ultimately, the viable hybrid must present some characteristics that promotes its survival (Turner et al. 2010 , Mixão & Gabaldón 2018 . For instance Olarte at al. (2015) showed that some F 1 progeny of A. flavus × A. parasiticus produced higher aflatoxin concentrations compared to midpoint parent aflatoxin levels, and some hybrids synthesized G aflatoxins that were not produced by the parents. This suggested that hybridization is an important diversifying force generating novel toxin profiles (Olarte et al. 2015) . Although interspecific hybridization in aspergilli is a relatively newly discovered phenomenon, it is likely to have played an important role in the evolution of the genus.
The relationship between hybridization and changes in virulence potential is not well understood in human and animal fungal pathogens but its role in the emergence of novel plant fungal pathogens is well documented, as discussed. The evidence of biological compatibility between major pathogens in Aspergillus sect. Fumigati sheds new light on possible interspecific transfer of virulence genes, genes responsible for antifungal resistance, and other genes influencing adaptation of these fungi to a changing environment. Further studies should elucidate to what extent interspecific hybridization shaped the evolution of these opportunistic pathogens.
CONCLUSIONS
Based on consensus results of species delimitation methods and after evaluation of mating assay results and phenotypic data, we now recognise 10 species within the AVSC. This number comprises nine previously recognised and one new species proposed here. Aspergillus pseudofelis and A. parafelis are placed in synonymy with A. felis. All four genetic loci used for phylogenetic analysis across the AVSC have sufficient variability for reliable species identification and can be used as DNA barcodes. Though more laborious, the MSC are a suitable tool for delimitation of genetically diverse cryptic species in cases where classical phylogenetic, morphological and mating compatibility data do not yield satisfactory results.
